Abstract. The compressive strength and microstructural characteristics of fly ash based geopolymer with alkaline activator solution were investigated. The sodium hydroxide and sodium silicate were mixed together to form an alkaline activator. Three parameters including NaOH molarity, mix design (fly ash/alkaline activator ratio and Na 2 SiO 3 /NaOH ratio), and curing temperature were examined. The maximum strength of 71 MPa was obtained when the NaOH solution of 12M, fly ash/alkaline activator of 2.0, Na 2 SiO 3 /NaOH of 2.5 and curing temperature of 60°C were used at 7 th days of testing. The results of SEM indicated that for geopolymer with highest strength, the structure was dense matrix and contains less unreacted fly ash with alkaline activator.
Introduction
Geopolymer term is referred to the type of cementitious material formed by activating aluminosilicates in an alkaline activator solution. Geopolymer material such as fly ash have attracted a lot of attention for many applications [1] [2] . On the other hand, they are becoming the focus of increasing research efforts as the need to replace Portland cement in order reduce the release of CO 2 emission..
On developing high strength fly ash based geopolymer, the effect of NaOH molarity, mix design (fly ash/alkaline activator ratio and Na 2 SiO 3 /NaOH ratio) and curing temperature play very important role in producing high strength of geopolymer. Class F fly ash, which is high in aluminosilicate and low in calcium, is the preferred grade for inorganic polymerization [3] . Previous study [4] , showed the development of the fly ash based geopolymer when was activated with alkaline activator (mixed alkali of sodium hydroxide and sodium silicate solution). However, they did not related such strength to the microstructure of geopolymer. Thus, this paper presents the effect of NaOH molarity, fly ash/alkaline activator ratio, Na 2 SiO 3 /NaOH ratio and curing temperature on the compressive strength and microstructural characteristics of the fly ash based geopolymer.
Experimental Procedure

Raw Materials
The fly ash used in this study came from Manjung power station, Lumut, Perak, Malaysia. It was equivalent to ASTM Class F fly ash. The alkaline activator used in this study was sodium silicate (Na 2 SiO 3 ) and sodium hydroxide (NaOH) solution which was prepared from analytical grade NaOH pellet with 97% purity [5, 6, 7] . Na 2 SiO 3 consisting of Na 2 O = 9.4%, SiO 2 = 30.1% and H 2 O = 60.5% (with a weight ratio SiO 2 /Na 2 O = 3.20-3.30 and specific gravity at 20ºC = 1.4 g/cc) was used in this study.
Mixing Process i) Various molarity of NaOH
The fly ash and alkaline activator were mixed together in the mixer until a homogeneous paste was achieved. This mixing process was applied for up 10 minutes for all mixtures. The total mass of each material used was kept constant for the geopolymer paste and cured at 70°C [8, 9] for 24 hours then, kept at room temperature until testing days for all samples (6 M, 8 M, 10 M, 12 M, 14 M, and 16 M) with different NaOH molarities. The used of 70°C was due to study carried by Van Jaarsveld et al. [9] which found that when the geopolymer samples cured at 70°C for 24 hours, a substantial increase in compressive strength was observed. The fly ash/alkaline activator and Na 2 SiO 3 /NaOH ratios were fixed as 2.5.
ii) Fly ash/alkaline activator and Na 2 SiO 3 /NaOH ratios
The mix design consisting of the fly ash/alkaline activator ratio that will be used in this study were 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 [10, 11] . However, only fly ash/alkaline activator ratio of 1.5, 2.0, and 2.5 can be worked during laboratory work. The other three ratios which were 0.5 and 1.0 gavelow workability of geopolymer paste which was hard to handle, whereas ratio 3.0 showed higher workability. Then, the Na 2 SiO 3 /NaOH ratio of 0.5, 1.0, 1.5, 2.0 and 2.5 have been analyzed. The curing temperature was kept constant at 70°C [8, 9] for 24 hours and left at room temperature until days 7 of testing.
iii) Various curing temperature
After finding the best molarity of NaOH, fly ash/alkaline activator ratio, and Na 2 SiO 3 /NaOH ratio, this study was further analyzed by various curing temperature with constant 12M NaOH molarity, fly ash/alkaline activator ratio of 2.0 and Na 2 SiO 3 /NaOH ratio of 2.5 which have resulted in highest compressive strength before. After geopolymer paste was casted, they were kept (with moulds) in an oven at room temperature, 40ºC, 50ºC, 60ºC, 70ºC, and 80ºC for 24 hours. Then the cubes were demoulded and kept at room temperature until days 7 of testing.
Testing
The compressive-strength test was performed on geopolymer paste samples in accordance with BS 1881-116:1983 using Automatic Max (Instron, 5569 USA), to obtain the ultimate strength of geopolymer. The samples were loaded with 50.00 KN, and the speed rate of loading 5.00 KN/min. Three samples were produced and tested for each ratio. The samples then further studied by Scanning Electron Microscopy (SEM) using SEM JSM-6460 LA Jeol Japan.
Results and Discussion
a)
Effect of different NaOH molarity to the geopolymer
In Fig. 1 , the values of the compressive strength of geopolymer fly ash versus the various NaOH molarities have been plotted. Results show, 12-M NaOH solution had the highest compressive strength of 68 MPa at seven days testing and 70 °C curing temperature. After 12-M NaOH solution, decreases in compressive strength can be observed. This shows that, when the NaOH molarity was above 12-M NaOH solution, a lower rate of polymer formation was produced due to the high concentration of NaOH, resulting in a decrease in the strength. This result is in agreement with Palomo et al.'s study [8] which also found that a 12-M NaOH solution produced better results than the 18-M NaOH solution. th testing day. This suggests that the dissolution of silica and alumina in geopolymerization process that form aluminosilicate gel is very important in determining the stability of geopolymer during hardening process which contribute to compressive strength of geopolymer. The pores and cracks are also found in the matrix [ Fig. 2 (a), (b) , (c), (e)], which would limit the binding capacity and lead to a lower compressive strength. Fig. 2(f) shows a dense gel-like matrix with imbedded fly ash particles. However this leads to the micro-cracks which also gave low compressive strength. 
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b)
Effect of different fly ash/alkaline activator and Na 2 SiO 3 /NaOH ratios to the geopolymer Fig. 3 shows the compressive strength for ratios of fly ash/ alkaline activator at 1.5, 2.0 and 2.5. It clearly showed that the fly ash/alkaline activator ratio of 2.0 and Na 2 SiO 3 /NaOH ratio of 2.5 produced the maximum compressive strength (70 MPa) on the seventh day and 70 °C curing temperature. The compressive strength tended to decrease with a ratio of Na 2 SiO 3 /NaOH at more than 2.5 for all ratios of fly ash/ alkaline activator. When the ratio Na 2 SiO 3 /NaOH at 3.0 the compressive strength decreases for all ratios of fly ash/alkaline activator, this might be due to excess of OH -concentration [12, 13] . The microstructure of fly ash based geopolymer for different mix design had been observed with SEM. Fig. 4 (a) -(c) showed the microstructure morphology of geopolymers with the best mix design (high compressive strength) for each type of fly ash/alkaline activator ratio (1.5, 2.0 and 2.5). It showed that the materials are heterogeneous which partially unreacted fly ashes were exist on the dense gel-like matrix. Among these three mix design, the sample with fly ash/alkaline activator ratio of 2.0 (Fig. 4b) showed more dense matrix and less unreacted fly ash which contributed to maximum compressive strength (70 MPa). The amount of liquid in the systems affects to the saturation rate of ionic species and strength of geopolymer. When the fly ash is mixed with a small volume of alkaline activator, a paste was formed which quickly transformed into a harden solid. Thus, there is no space for the gel (product of reactions) to grow into a well-crystallised structure [15] . It is well known that zeolites usually need some time for crystallization and minimum amount of liquid. In this case, fly ash/alkaline activator of 2.0 is the best ratio and fulfill the requirement on developing high strength of geopolymer. Fig. 4 (c) shows the vertical hair type crack exist on the sample of ratio fly ash/alkaline activator at 2.5 which reduced the compressive strength of the sample. 
c) Effect of different curing temperature on the geopolymer paste
The compressive strength of fly ash-based geopolymers on the seventh day with different curing temperatures is shown in Fig. 5 . The samples cured at 60ºC produced the maximum compressive strength (71 MPa) compared to others. The samples cured at room temperature (RT) showed the compressive strength of 24 MPa which is 33% lower than samples cured at 60°C. Meanwhile, when the curing temperature was above 60°C, the compressive strength tended to decrease. Hardjito et al. [12] also found that increasing the curing temperature beyond 60ºC did not substantially increase the compressive strength. This might be due to the small specimen with a high surface-to-volume ratio is more susceptible to the heat of curing and to the loss of moisture compared to that of the large specimen, which could lead to a reduction in strength for curing at high temperatures [16] . Moreover, when the curing temperature is high, the sample experiences a substantial loss of moisture; the geopolymer reaction requires the presence of moisture in order to develop good strength [14] . These results show that curing temperature plays an important role on developing high strength geopolymer fly ash. The microstructure of fly ash and geopolymer paste for different curing temperatures was observed using SEM. Fig. 6 (a)-(e) shows the microstructure morphology of geopolymers at different curing temperatures (50ºC, 60ºC, 70ºC, 80ºC and room temperature). All samples that had been cured showed that the materials are heterogeneous; partially unreacted fly ash existed on the dense gellike matrix geopolymer. The considerable amount of unreacted or not totally reacted with spheres of fly ash indicated a moderate degree of reaction in the system. Fig. 6 (d) showed less unreacted fly ash and a denser matrix compared to others, which leads to higher compressive strength. Thus, curing temperature of 60 °C is the best curing temperature of geopolymer which their loss of moisture was moderate less due to small samples and affects the geopolymer reaction which requires the presence of moisture to develop high strength geopolymer [14] .
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Conclusion
In this paper, the compressive strength and microstructural characteristics of the class F fly ash based geopolymer were investigated on developing high strength geopolymer. The experimental studies led to the following conclusions:
i) The highest NaOH molarity did not necessaryly gave high compressive strength. In this study, 12M NaOH solution gave 27% higher compressive strength than 16M NaOH solution.
ii) The fly ash/alkaline activator of 2.0 and Na2SiO3/NaOH of 2.5 contributed to the high compressive strength of the geopolymer. However, different fly ash from other country may need different mix design.
iii) The highest compressive strength of 71 MPa had been achieved when the samples were cured at 60 °C.
iv) The dissolution of silica and alumina in geopolymerization process that form aluminosilicate gel is very important in determining the stability of geopolymer during hardening process which contributes to high compressive strength of geopolymer.
v) The geopolymer reaction requires the presence of moisture to develop high strength geopolymer. Therefore, the curing temperature of geopolymer should not be too high (above 60 °C).
